Solution nitriding and vacuum annealing treatments were applied to type 316L stainless steel plates in order to fabricate steel sheets that have a continuous strength change throughout their thickness direction. We produced three types of strength-gradient steel sheets through these treatments, with the hardness profile of each type of steel sheet reflective of the nitrogen concentration. The mechanical properties of the obtained steel sheets were investigated to demonstrate the effects of a strength gradient. As a result of tensile and bending tests, the uniaxial tensile deformation behavior of strength-gradient steel sheets is never affected by its strength gradient; however, it is governed by the average nitrogen content, while the bending deformation behavior of the sheets is significantly dependent upon the strength gradient through the thickness direction.
Introduction
In recent years, the demand to further strengthen steel sheets has been increasing with the aim of realizing weight savings in structural products and vehicles. Thus far, considerable numbers of studies have been carried out into alloy design, as well as microstructure control using precipitation of fine particles, grain refinement, and dispersion of hard transformed structures (martensite or bainite), etc., [1] [2] [3] [4] [5] all in the attempt to increase the strength of steel sheets. However, by increasing the tensile strength of the sheets, the deformability tends to be lowered in any kind of steel as a result of the trade-off between strength and ductility. Multi-phase control is expected to be one possible method for improving the strength-ductility balance, but it also has limitations.
In this study, as part of attempts to increase both competing properties, we focus on strength-gradient control through the sheet thickness direction. In general, steel sheets undergo non-uniform deformation throughout their thickness direction during plastic forming processing, unlike the case of simple uniaxial tensile or compressive deformation. Therefore, a selective strengthening that considers both the local stress and strain distribution may be expected to be an effective method for further improvement of material performance. To clarify the effectiveness of strength-gradient control through the thickness direction, we propose strength-gradient steel sheets "normal gradient", "uniform", and "reverse gradient" as schematically shown in Fig. 1 . For example, in the case of the bending deformation of steel sheets, the applied stress is maximized on the specimen surface and it is continuously lowered towards the center of the sheet, as shown in Fig. 2(a) . When the applied load is increased and the maximum stress on the surface has reached the yield stress ( Fig. 2(b) ), plastic deformation begins from the surface and it propagates toward the center (Fig. 2(c) ). Therefore, the bending yield stress should depend upon the local yield stress at the surface, and the bendability of the sheet could be influenced by the strength © 2012 ISIJ gradient, even at an identical tensile strength.
In this study, the solution nitriding technique [6] [7] [8] was utilized on conventional stable austenitic stainless steel to produce strength-gradient steel sheets that have a continuous strength change through their thickness direction. By this method, the strength profile can be controlled through the thickness direction in steel sheets and is dependent upon the nitrogen concentration distribution. For the specimens obtained, uniaxial tensile tests and three-point bending tests were carried out to determine the influence of strength gradient on the deformation behavior. In addition, the deformation behavior of strength-gradient steel sheets was simulated by an elasto-plasticity finite element analysis based on a laminate material model.
Experimental Procedure
1.0 mm-thick type 316 L steel sheets (with mass% of balance Fe, 0.015 C, 0.51 Si, 1.66 Mn, 17.7 Cr, 12.1 Ni, and 2.05 Mo) were used to realize three different types of strength gradient: (a) normal strength gradient (NSG), where the strength is highest at the surface and gradually decreases towards the center; (b) uniform strength (US); and (c) reverse strength gradient (RSG), where the strength is lowest at the surface and gradually increases towards the center.
The heat treatments used to obtain each specimen were as follows. (a) Normal strength gradient (NSG) specimens: After vacuum annealing at 1 473 K, solution nitriding was performed at the same temperature for 0.18-7.2 ks in a nitrogen gas of 0.1 MPa, followed by air cooling. The total heat treatment time of vacuum annealing and solution nitriding was set at 18 ks in order to maintain a consistent grain size in all specimens. (b) Uniform strength (US) specimens: Solution nitriding was performed at 1 473 K for 18 ks in a gas mixture of nitrogen and argon, with varying nitrogen partial gas pressures of 0.01 to 0.1 MPa. (c) Reverse strength gradient (RSG) specimens: After solution nitriding (1 473 K for 18 ks) in a nitrogen gas of 0.1 MPa (equilibrium nitrogen concentration), vacuum annealing was performed at 1 473 K from 0.6 to 3.6 ks in order to cause denitrification.
In order to clarify the effect of strength gradient on the mechanical properties, the average nitrogen concentration must be equivalent in all three types of strength-gradient steel sheet. In this study, several kinds of specimens were prepared, each with differing average nitrogen concentrations. The microstructure was examined by means of X-ray diffraction and optical microscopy. The distribution of nitrogen in the specimens was measured by an electron probe micro-analyzer (EPMA) at a cross-section of the plate. Mechanical properties were evaluated by Vickers hardness tests, tensile tests, and three-point bending tests. Tensile testing was carried out on samples with dimensions 6 mm long, 3 mm wide, and 1 mm thick, at an initial strain rate of 5.6 × 10 -4 /s. Three-point bending tests were performed on the test pieces using an Instron-type testing machine, as illustrated in Fig. 3 . The supporting space was 50 mm and the diameter of the supporting rods was 29.8 mm. Bending tests were performed on test pieces that were 60 mm long, 20 mm wide, and 1.0 mm thick, at a crosshead speed of 1.0 mm/min. Figure 4 shows the profiles of nitrogen concentration (upper figs.) and hardness (lower figs.) through the thickness direction in (a) NSG, (b) US, and (c) RSG specimens, with average nitrogen content of 0.17% (gray lines) or 0.34% (black lines). In the case of the NSG specimens, the nitrogen concentration at the surface was kept at a constant 0.47% during solution nitriding, which is critical for equilibrating to the nitrogen gas in the atmosphere. Nitrogen permeates from the surface toward the center during solution nitriding, 9) and then the average nitrogen content gradually increases with increasing heat treatment time. In addition, the concentration profiles in solution-nitrided specimens correspond well to the predictions made by the diffusion equation of Fick's second law. 8) After solution nitriding for 18 ks, the nitrogen concentration in the specimens is almost uniform to that at equilibrium. In the case of the RSG specimens, the nitrogen concentration at the surface is kept to a low level during vacuum annealing, in contrast to the NSG specimens. The nitrogen concentration at the center decreas- es with increasing vacuum annealing time, leading to the reduction of average nitrogen content. The US specimens could be obtained by solution nitriding if sufficient time was allowed to reach equilibrium for the whole of the specimen, with different partial pressures depending on the average nitrogen content that was targeted. 10, 11) The hardness profile corresponds well to that of the nitrogen concentration. These results above demonstrate that 316 L steel sheets with a strength gradient can be produced to have different average strength levels. Figure 5 represents X-ray diffraction patterns (upper figs.) and optical micrographs (lower figs.) of (a) NSG, (b) US, and (c) RSG specimens with average nitrogen contents of 0.34%. Each specimen exhibits a fully austenitic single structure through the thickness direction and no precipitate of nitride is observed, regardless of the type of strength gradient. The optical micrograph reveals that the shows the nominal stress-strain curves obtained by uniaxial tensile tests for NSG, US, and RSG specimens with different average nitrogen contents. It is found that the strength level varies depending on the average nitrogen content. However, there is little difference in deformation behavior among NSG, US, or RSG specimens at the same average nitrogen content. They exhibit the same degree of yield stress, work-hardening rate, and even tensile strength. Although the extent of total elongation varies among the specimens, this may be due to some experimental errors since we could not find any tendency that depends on the strength gradient. From the results obtained above, it is evident that the uniaxial tensile behavior is never affected by the strength gradient but it is governed by the average nitrogen content, i.e., the average properties of the whole specimen. Figure 7 represents load-displacement curves obtained by three-point bending tests for NSG and RSG specimens with an average nitrogen content of 0.25%. There is a remarkable difference between NSG and RSG specimens with regards the elasticity limit and the early-stage work-hardening behavior after yielding. As for the elastic limit of the specimens, this is defined as the point when the load-displacement curve begins to deviate from a linear relationship to the elastic deformation. In this article, the yielding load of the specimens is recorded as the load corresponding to the elastic limit. The NSG specimen exhibits a clear yielding point and a linear work-hardening behavior after yielding. On the other hand, the RSG specimen yields at a much lower load in spite of having the same average nitrogen content as the NSG specimen, and its work-hardening rate tends to continuously change, up to the steady state, with an increasing amount of deformation. Figure 8 summarizes the relationship between bending yield load and average nitrogen content for three different types of strength gradient. The yielding load of the specimens tends to increase as the average nitrogen content increases, regardless of the type of strength gradient. However, comparing the results for the same average nitrogen content clearly reveals that the yielding load significantly depends upon the strength gradient, where the yielding load of the NSG specimens is higher than that of the US specimens. In particular, the difference is larger in the low average nitrogen content region because of the steep strength gradient. On the other hand, the yielding load of the RSG specimen is greatly lowered by the low yield strength of the surface layer. This result means that the bending properties of steel sheets could be controlled via strength gradients, even for an identical tensile strength.
Experimental Results

Discussion
The results of Figs. 6 and 8 have demonstrated that the strength gradient in steel sheets never affects the uniaxial tensile deformation but it does govern the bending deformation in terms of the yield load and work-hardening behavior. A laminate material model, which is commonly used for analysis to describe the deformation of composite materials, 12) is applied to the three types of strength-gradient steel sheets in order to quantitatively evaluate the effect of strength gradient and predict their deformation behavior. The concept behind the model is schematically shown in Fig. 9 , where the steel sheet is regarded as a composite-like material composed of US components with varying mechanical properties. Any type of strength gradient can be designed by stacking the thin US components with corresponding mechanical properties in the thickness direction. In the case of this study, the mechanical properties are expressed as a function of nitrogen concentration, and thus, the stacking pattern of the US components is decided by the where σ y , dσ y /dε y , and [N] are the yield stress (0.2% proof stress), the work-hardening rate, and the nitrogen content in mass%, respectively. The work-hardening rate is defined as the average value for the strain that ranges from 0.02 to 0.2. Using Eqs. (1) and (2) enables us to relate the nitrogen concentration profiles obtained by EPMA (Fig. 4) to the mechanical properties. In the case of tensile testing, since the tensile direction is parallel to the longitudinal direction of the US components, as shown in Fig. 9 , the strength-gradient steel sheets could be regarded as paratactic laminating materials, where the yield stress is expressed by the following equation: and where σ i and V i are the yield stress and volume fraction (or thickness) of each laminated US components, respectively. This model assumes that the strength of interfacial bonding between US components is so strong that interfacial delamination never takes place during deformation. The thickness of each component was fixed at 0.01 mm (100 components were considered for each 1 mm t sheet), and the yield strength that was estimated from the nitrogen concentration was substituted into Eq. (3). Figure 12 shows the comparison between the experimental and calculated yield stress. It is clearly demonstrated that the experimental yield stress corresponds well to the calculated stress, regardless of the type of strength gradient. This indicates that the yield stress of the strength-gradient steel sheets can simply be estimated by the addition of each component property that makes up a conventional composite material.
On the other hand, the bending deformation of strength- gradient steel sheets is not as simple as the tensile deformation. 13) The bending strength cannot be predicted by summation of each property of the component because the stress and strain distributions are non-uniform through the thickness direction, as was explained in the introduction. Therefore, the elastic-plasticity finite element method (FEM) is applied to the laminate material model in order to attempt to make predictions of the yielding and work-hardening behavior in strength-gradient steel sheets. Figure 13 shows an FEM analysis model for three-point bending tests, with the analysis conditions for the calculation. Seven thinner US components were set away from the surface in order to express the steep change in mechanical properties. The Young's modulus was set to 2.0 × 10 7 GPa for the loading indenter and supporting points, 14) which is much higher than that of the test piece (192 GPa). Figure 14 shows the loaddisplacement curves obtained by the bending tests (broken line) and the FEM analysis (solid line) for the NSG and RSG specimens shown in Fig. 7 . Comparing the results of the FEM analysis to those of the experiment reveals that the bending deformation behavior is roughly reconstructed by FEM analysis. The form taken by the predicted results is different to that observed experimentally, with differing slopes in the elastic deformation and work-hardening behavior at high-displacement range, yet the yield load in each specimen is described precisely. The deviation may be due to the rigidity of the testing machine such that the experimental results may have been influenced by deformations of the testing machine itself. In addition, the displacement of the indenter is measured by that of the crosshead in the test machine. In any case, the FEM analysis results describe the peculiar features of each specimen in the bending deformation behavior.
Assuming that the deformation behavior can be described by an FEM analysis based on the laminate material model, it is possible to more quantitatively evaluate the effect of strength gradient on bending deformation behavior. For example, it is expected from prediction that the propagation behavior in yielding is different through the thickness direction for each type of strength gradient. Figure 15 shows the prediction in propagation behavior for the plastically deformed (yielded) region. The plastically deformed region (black region) is simultaneously expanded into thickness and width directions with an increase in the applied displacement of the indenter. It should be noted here that, in the early stages of bending deformation, the RSG specimen causes an earlier yielding at the surface and a faster propagation of the plastically deformed region compared with the NSG specimens (see 0.75 mm displacement). However, the propagation rate in the thickness direction is gradually lowered in the RSG specimen, while accelerated in the NSG specimen with further displacement. As a result, the plasti- cally deformed region in the NSG specimen reaches the center of the plate earlier than that in RSG specimen (see 1.34 mm displacement). Such a difference in plastic deformation behavior within plates may cause some differences in deformability, or in press forming and springback properties after unloading -a matter which should be investigated further in a follow-up study.
Conclusion
(1) Steel sheets with a strength gradient through their thickness direction (strength-gradient steel sheets) can be produced by solution nitriding and vacuum annealing processes on type 316 L stainless steel. Two types of strength gradient are available: The first is termed normal strength gradient (NSG), where the strength is highest at the surface and gradually decreases towards the center, and a second type is termed reverse strength gradient (RSG), where the strength is lowest at the surface and gradually increases towards the center.
(2) The uniaxial tensile deformation behavior of the strength-gradient steel sheets is never affected by its strength gradient but it is governed by the average nitrogen content, i.e., the average properties of the steel sheets. On the other hand, the bending deformation behavior, such as yielding and work-hardening behavior, significantly depend on the strength gradient. As a result, the yielding load is lower in reverse strength-gradient steel sheets than in normal strength-gradient sheets.
(3) The laminate material model can quantitatively explain the deformation behavior of strength-gradient steel sheets. FEM analysis, using this model for bending tests, roughly predicts the behaviors of the yielding, work hardening and propagation of the plastically deformed region, with a dependence shown on the type of strength gradient.
